Summary & analysis of the critical power amplifier design tool
- Linearity loadpull characterization
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oceo Outline

" Non-50 Ohm Linearity measurement history

" The challenge of 2 tone test on unmatched device
= A novel 2 tone measurement solution - MT2000!
" Beyond active loadpull

" System Offering




Non-50 Ohm Linearity measurement history
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oves Introduction O

Intermodulation distortion (IMD) is a measurement of the nonlinearity of amplifiers and sometimes even
passive components.

aMrl 108 kM2
Ref @ dBm Atten 10 dB 28.64 4B
Mool

18 |
d6/
@ ‘ H

L ‘r | j
| i UL
_LU_L ) | (1]
S IR
‘ i MR ;
v“*fww'-wvf“TM‘ lw JPN YV "'P'l»'r" LA Aot

Center 1,85 GHz Span 2 MHz
Res BH 3 kM2 VBN 3 ke Sweepn 555.6 ms

The third-order intercept point (IP3) or the third-order intercept (TOIl), often used interchangeably, are
figures of merit for intermodulation distortion.

A Low side IP3 Two tone test spectrum High side IP3

)

e

W
O
o)
w

Flow F high

- o o e S S S S

Power out [dB]
Power out [dB]

IM3 high

Noise floor

Power in [dB] 1IP3 Frequency [Hz] Power in [dB] 1P3

IP3 (dBm) =P (f)) + (P (f,) - P (2f, - f,)) / 2 (\/)MauryMicrowave




oceo Traditional 2 tone/ACPR measurement
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oceo Calibration routine

Non 50 Ohm characterization -> tuner calibration

2. Hardware connection -> manual setting of spectrum analyzer
and synchronization, 10MHz synchronization

3. Power calibration -> sweep each tone space and each power
level, generate a data base table

4. Measurement -> recall the table, sweep step by step

~
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® ' Load Tuner Data Display O oy

Model: MT932EL30 Adaptive Modeling - Mon Aug 17 12:51:23 2009
2.00000 to &.00000 GHz, 5 frequencies

eveo TUNer calibration e
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Tuner calibration, critical and inevitable step, but TEDIOUS!
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oveo Power calibration with tone balancing
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ecec Pros and cons

Traditional loadpull based on power meter was the only choice in last century

" Tedious tuner calibration
Rely on de-embedding all the way

= Flaborate setting/verification of system
For accurate and relatively fast measurement

" FExact power cal.

Table should be created before measurement, if driving
amplifier changed, the table should be updated again.

" Not cheap and complex to setup
Spectrum analyzer should be connected

" Operator should be experienced enough

" Cheap at the first glance, but unfortunately NOT in long term view
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oceo VNA's advanced features for simple 2 tones test O

IMD measurement challenges

— Two signal generators, a spectrum analyzer, and an external
combiner are most commonly used, requiring manual setup of
all instruments and accessories

— Test times are slow when swept-frequency or swept-power
IMD is measured

— Instruments and test setups often cause significant
measurement errors due to source-generated harmonics, cross-
modulation, and phase noise, plus receiver compression and
noise floor

Frequency Offset Mode (Option 080)

Sets different frequency range for the source
and receivers.

Can be used for harmonics or intermodulation
distortion (IMD) measurements with the VNA.

Combiner (Option 423)

Sets different frequency range for the source
and receivers.

Can be used for harmonics or intermodulation
distortion (IMD) measurements with the VNA.
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o-eo block diagram of 4 port PNAX with combiner for 2 tones o
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eveo Better loadpull structure based on VNA advanced architecture
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ereo Calibration routine of VNA based LP

" Tuner calibration

-> much lower density needed compared with traditional one.
" Receiver vector calibration

-> fast, not sensitive to source and load match.

" Receiver power calibration

-> absolute power cal. of receiver by power meter
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Pros and cons

" ntegrated and fast solution

frequency offset measurement mode for IMD3, Spectrum analyzer is not
necessary

" Reduced tuner calibration time

real time measure mode of receiver

" fast tone balance leveling real-time

power calibration is not necessary

" Change driving PA without calibration

8 terms model doesn’t rely on source/load match, not necessarily do raw

power calibration again even change driving PA

" PNAX should be occupied always by system
" PA linearity is prerequisite for accurate device linearity measurement
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The challenge of 2 tone test on unmatched device

@ Maury Microwave



eveo Challenge In the non 500hm linearity measurement

Total Bandwidth
(1 Channel + ACLR)

Modulation Freq. range Bandwidth
(single channel)

W-CDMA 800 MHz -3.5 GHz 5 MHz 15 MHz
Multi-carrierW-CDMA 800 MHz -3.5 GHz 15 MHz 25 MHz
LTE 600 MHz -6 GHz 20 MHz 60 MHz
802.11a/b/g 2.4 GHz 20 MHz 60 MHz
802.11n 2.4 GHz, 5 GHz 40 MHz 160 MHz
LTE-A 800 MHz -3.5 GHz 100 MHz 300 MHz
802.11ac 5 GHz 160 MHz 480 MHz
5G 600 MHz —6 GHz 100 MHz 300 MHz

5G 28 GHz ~1 GHz

5G 38 GHz ~1 GHz

Bandwidth is more than 40 MHz in 4G times, it will be much wider in the coming 5G
times, what are the challenges for linearity non-50 load pull test for PA?
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oo~ What we find in real envionment

Phase shift issue

phase delay

]
| oo | For passive tuner, where there is distance of probe to
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// \}/ greater the phase shift
1/ \\
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slide-screw tuner.

matching network




eceo TUNer matching frequency response of a typical position o

Narrow response issue




oo Summary of the challenges, NO. 1, phase shift o

Carrier freq.: 3.5GHz
Load gamma: 0.8<120 ° (carrier)

Tone space: 1, 5. 10, 30MHz
oo onme e 1MHz * 5MHz ! Moo\ e 10MHz * 30MHz
@ N Zfl'fZ O@O V v

\m N

2f1-f2 0.775 127.4° 2f1-12 0.708 165.5° J
f1 0.789 122.6° f1 0.770 134.4°
f2 0.805 118.5° f2 0.824 106.7°

2f2-f1 0.807 113.3° 2f2-f1 0.859 80.18° Maury Microwave
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oo SumMmary of the challenge, No. 2, system non-linearity

Carrier freq: 3.5GHz
Load gamma: 0.8<120 ° (carrier)

Tone space: 1, 5, (10, 30)MHz IMD3 (dBm) vs. Total Pin(dBm)
o e 1MHz ¢ 5\VIHz
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ecec Summary of the challenges, NO. 3, limited matchingrange @

Shrinked tuning range, inevitable, insoluble by passive tuner itself

Tuner plane Coaxial/Waveguide plane Probe tip plane
QAN / QAN AR

Greatly subject to loss between Tuner and DUT, especially on wafer! ,




oo COmmon issues of the passive 2 tones loadpull system o

" Tedious tuner calibration

" [imited matching range due to passive tuner

" 2 independent highly-linear sources with combiner, spectrum
analyzer and VNA configurable test set option are not cheap

" Tone balancing is necessary which limits the speed

"  Accurate linearity measurement replies on the linearity of
source and amplifier

@ Maury Microwave




A novel 2 tone measurement solution > MT2000!
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eceo Our solution on the challenging request

A brand-new architecture for wideband loadpull

" Baseband signal generation including 2 tone

" Specific receiver covers both small and large signal measurement

"  DPD similar algorithm for non linearity minimization of source or even
driving amplifier

= Ultra-broadband tone spacing supported up to 166 MHz or wider

" Ultrafast system calibration and measurement, order of few minutes

@ Maury Microwave




oveo System architecture

Baseband
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= Avector network analyzer VNA is integrated

= Two-port and power calibration to measure S-parameters and power

= Wideband ADCs allow measurement of wideband signals (power, ACPR, EVM)

= System includes up to 6 VSGs to generate custom modulations up to 500 MHz bandwidth
= Each VSG can be used as an active tuner

Maury Microwave
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oo HOWw does it work?
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oveo Active load for wideband impedance tuning

d 1 511 hi
- -
[ L)
Port ¢ g Port ()
] 1 22 2 bx,n (f;z )
- L | ——
b, 511 a,
Two-port device represented in terms of S- Formula governing Gamma in Changing magnitude and phase of b, will result
parameters and a-waves and b-waves relation to a-waves and b-waves in any impedance on Smith Chart

A passive mechanical tuner is used to reflect a portion of the
DUT'’s energy b, back towards DUT as a,. The position of the
probe will determine the magnitude and phase of the
reflection. I will be lower than 1 since a,<b, due to losses.

A signal generator with magnitude and phase control is
used to inject a new signal a, into the output of the DUT. T
can be equal or greater than 1 since a, is independent of b,.
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oceo Active tuning methodology

Open loop active Close loop active
B A | (Band Filter) @—@—
o W ' or) Il |}
I aoyr | ; \ !
— - :
ax | DUT 1?1—©<@ T _ '
: ouT : (I)(T): |T| : M : E /_‘\‘@vanted coupling
- afouor = O
\ bour 1 |
| .
Open loop active requires custom algorithms for iterative ! '
convergence to synthesize desired rgflection cc?efficients | the bout signal is looped into a circuit that changes the magnitude
because the output of DUT (transmitted traveling wave, b2) is and phase of the coupled RF signal, and this signal is then re-
dependent on device operating conditions injected toward the DUT ( aout ).
The load impedance is contr.olled.by an RF signal prov.ide(.j by The oscillation risk is high because some unwanted coupling can
a !oad RF source. The load signal is not quped, 50 oscillation take place, and this parasitic coupled signal is then amplified and
will never b? observed .(because. the loop is only in the phase shifted as well. Looking at this parasitic coupling path, if the
software, with an algorithm which controls the gamma) magnitude reaches |1]|, and the phase reach (180°), then an
Maury provides open loop solution! oscillation will occur.
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oo Wideband multi-tones arbitrary impedance tuning

Carrier freq: 2.6GHz % termination
Carrier impedance: 0.8<110° |, hassive tuning a N
Tone space: 20 MHz x active tuning

\\ Gamma: -0.1408+0.7743

@ ..CJ Abs{Gamma): 0.787
x * Angle{Gamma): 100.3 deg
- L: 10,01 +40.731 02
ZRef: 50 Q2
Frequency: 2.61 GHz
- Gamma: -0.2784+0.7487
Gamma: -0.2889+0.7461) Abs(Gamma): 0.7988
Abs(Gamma): 0.5001 Angle(Gamma): 1104 deg
Angle(Gamma): 111.2 deg 7. 8946+34.11i O
£Ref: 50 0} Frequency: 2.61 GHz
. . : . : Wi Frequency: 2.59 GHz
Selected termination Measured gamma load real time Gamma: -0.4259+0.6938i

Abs(Gamma): 0.8141

Angle{Gamma): 121.5 deg
. . . 2 6. 706+27.50 )
The impedance of f1 and 2 by active tuning can be ZRef: 50 0

converged to desired target, avoiding the phase shift
that occurs with passive tuning naturally

+ 2.59 GHz

Zoom in plot
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e-e- Pre-distortion calibration to remove the system non-linearity @
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File
L OE
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 (Connect the driving amplifier in the loop
* [nput the target of minimization
* Run the pre-distortion algorithm for each carrier,

tone space

* [t will cost few minutes before test, but worthy! .
MauryMlcrgwav%
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oo Wideband multi-tones pre-distortion calibration

Carrier freq.: 2.6 GHz x Termination
Carrier impedance: 0.8<110 ° - With pre-distortion
Tone space: 20 MHz - W/O pre-distortion
Power sweep: P_ . from 3 to 37 dBm (DUT plane) Selected termination
20 s ’
_2{] {
| EEEEEE: NN RN 1 ..........
1 .‘_’_,,.-'rr# }
g 10- o . !
EI 1 ' %I_zﬂ 4 1 + + 1 ¢ ( r 1 ! y ¢ + 1 £ r 1 1 1 f { 1 1 |
: (INEEN g 7 :
.G'-. _ll J (2 V] |
g« ‘o) §730dBc, l
g T | | | | -
~80 1 o©o+—r—FtFt+F+— -+ + |
T s L L | E.STIIEH}EI E.EEIE+DEI 2.59I|E+[19 2.6E|+ﬂ9 2.51I|E+{]9 E.EEIE+DEI 2.63I|E+
5 10 15 20 25 30 35 40

Pavs_dBm [dBm] Frequency

With the pre-distortion calibration, the non-linearity of system has been removed
completely with the same hardware configuration, user get greatly improved system
capacity without any cost except the calibration time of few minutes! Maury Microwave
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oceo Calibration routine

s—Tynercaltibration

-> Not required as there is no mechanical tuner!
* Receiver vector calibration

-> fast, no sensitive to source and load match.

* Receiver power calibration

-> absolute power cal. of receiver by power meter
* Pre-distortion calibration with the driving PA

-> Improves the linearity of the system
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ocec Measurement Example: Two-Tone Load Pull

= Gainvs PL_f0_dBm [Dev10_ZL_LF] = Gainwvs PL_f0_dBm [Dev10_ZL_LF] = [M3_hiwvs PL_Lf0_dBm [Dev10_ZL_LP] = INM2_hiwvs PL_f0_dBm [Dew10 ZL_LF] M2 _lo ws PLFO_dBm [Dev10 ZL_LP]
— Gainvs PL_f0_dBm [Dev10_7ZL_LF] — IM3_hiwvs PL_f0_dBm [Dev10_ZL_LP] === IM3_lows PL_f0_dBm [Dev10_ZL_LP] === IM3_lo vs PLf0_dBm [Dev10_ZL_LP]
Gain vs PL_f0_dBm [Dev10 ZL_LF] M3 _hiwvs PL_f0_dBEm [Devl0 ZL_LP] === IM3_lows PL_f0_dEm [Dev10_ZL_LP]
Gain vs PL_f0_dBm [Dev10_ZL_LF] M3 _hiws PL_f0_dBm [Devl10_ZL_LP] M3 1o ws PL_f0_dBm [Dev10_ZL_LF]
= Gainvs PL_f0_dBm [Dev10 ZL_LF) = [M3_hiwvs PL_f)_dBm [Devl10 _ZL_LP] M3 lows PL_f0_dBm [Dev10_ZL_LP]
Gain vs PL_f0_dBm [Dev10_ZL_LF] 03 _hiws PL_f0_dBm [Devl10 ZL_LP] === IM3_lows PL_f0_dBm [Dev10_ZL_LP]
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— OIP3_hiws PL_fD_dBm [Dev10_JL_LPF] — CIP3_hiwvs PL_f0_dBm [Dev10_ZL_LF] CIP3 _lows PLLAO_dBm [Dev10_JL_LP] & frequency@Pavs_dBm_set [Dev10_ZL_LP] - frequency@Pavs_dBm_set [Devl10_ZL_LP]
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PL_freg_dBm

ove0o 30GHZ 2-tone measurement, tone space 10MHz

* frequency@Pavs_dBm_set [swpTwoTone_10MHz.mat
* frequency@Pavs_dBm_set [swpTwoTone_10MHz.mat
frequency@Pavs_dBm_set [swpTwoTone_10MHz.mat

¥ L

3E+10 3E+10 3E+10
Frequency

— Gain vs PL_f0_dBEm [swpTwoTone_10MHz.mat]
— Gain vs PL_f0_dBm [swpTwoTone_10MHz.mat]

— IM3_hi vs PL_f0_dBm [swpTwoTone_10MHz.mat]
— IM3_hi vs PL_f0_dBm [swpTwoTone_10MHz.mat]
== IM3_lo vs PL_f0_dBm [swpTwoTone_10MHz.mat]
== 1M3_lo vs PL_f0_dBm [swpTwoTone_10MHz.mat]

12 14 10 18
D1 1 ARm [ARm]

— PAE@Pavs_dBm_set [swpTwoTone_10MHz mat]
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ecec SuUMmary of MT2000’s advantages for 2 tones test @

A brand-new active architecture for 2 tones in semiconductor industry

" Baseband signal generation including 2 tone

" Pre-distortion calibration algorithm for non-linearity minimization of external
driving amplifier and even system

" Ultra-broadband tone spacing supported up to 166 MHz and more in near future

" Ultra-fast calibration and measurement speed

@ Maury Microwave




ocveo Benchmark of MT2000 on same device

80 TABLE 1

= , , | | COMPARISON OF LOAD-PULL MEASUREMENT TIME (MINUTES UNLESS STATED)

70 Mixed-signal active harmonic load pull

e Step 1 Step 2 Step 3
Vector-receiver passive harmonic load pul 3 3

« lonpu, FylonkullfyLondul

55 Scalar passive harmonic load pull Tuner System  [iyed 2f, at - 0" L co°

Optimized Optimized

Cal Cal
(3 szozhé?j 16 Value Value

Hybrid-active harmonic load pull

(20 Loads, 16 (35 Loads, 16

Powers) Powers) Powers)

Drain Eff [%]

Scalar Harmonic
35
30 (2 tuning elements) 22 3 11.1 6.4 11.1
- Vector-Receiver

Harmonic 22 5 GINe 3.1 5.3
N (2 tuning elements)
15

Hybrid-Active

o CGH40010H 10 W, 2.5GHz CW [IEFtimml B B " -

0 Mixed-Signal N
26 28 30 32 34 36 38 40 12 |2 Active Tmfer 5 15 seconds 35 seconds 50 seconds
Pout [dBm] (0 tuning elements)
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Beyond active loadpull




e-e- Introduction (recap) O

In 2010, the MT1000/MT2000 technology was launched as the fastest active load pull system in
the world, and the only load pull system capable of controlling impedances over wide
bandwidths for modulated measurements

The system architecture required to achieve these breakthrough measurements included the

following capabilities:

» VNA capable of measuring CW and pulsed-CW S-parameters

» NVNA capable of measuring time-domain waveforms and load lines

» Multi-tone signal generator/spectrum analyzer combination capable of measuring
intermodulation products

» Vector signal generator/analyzer combination capable of measuring ACPR and EVM

» Oscilloscope capable of measuring voltages and currents

» Behavioral model extraction tool capable of black-box and database modeling

While marketed as the world’s most advanced load pull system, the MT1000/MT2000 can be
used equally as well in 50Q as in non-500
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Improvements in High Power LDMOS Amplifier Efficiency Realized
Through the Application of Mixed-Signal Active Loadpull

Travis A. Barbier1 and Basim Noori

DESIGN OF AN ULTRA-EFFICIENT GAN HIGH POWER
AMPLIFIER FOR RADAR FRONT-ENDS USING ACTIVE
HARMONIC LOAD-PULL

Design of an Ultra-High Efficiency GaN High-Power
Amplifier for SAR Remote Sensing

1562864695 1

Source/Load Pull Investigation of

Freescale Semiconductor Inc., Tempe, Arizona, 85284, USA Tushar Thrivikraman James Hoffman
. . : - .. Radar Science and Engineering Radar Science and Engineering
AlGaN/GaN Power Transistors with Travis Barbieni@freescale.com Tushar Thrivikraman, James Hoffman Jet Propulsion Laboratory Jet Propulsion Laboratory
California Institute of Technology California Institute of Technology
Ultl‘a-ngh EfﬁCleIlcy Jet Propulsion Laboratory, California Institute of Technology 4800 Oak Gm"‘;g";;% l;ziasdena, CA 91109 4800 Oak Cmvggl'l:;i lzgssildel'la, CA 91109
4800 Oak Grove Dr.. Pasadena, CA 91109, USA Tushar. Thri ]u = é 1 PH ff-‘ '@‘ 1
Abstract — This paper presents the results of experimental tuners for each harmomic ﬁ'cqumcy cither in cascade or Tushar Thrivikraman@jpl nasa.gov ar. Thrivikraman @ jpl.nasa.gov James.P.Hoffman @ jpl.nasa.gov

V. Carrubba. R. Quay. S, Maroldt, M. Mufer. F. van Raay. and O. Ambacher
Fraunhofer Institute for Applied Solid State Phvsics (IAF). Tullastrasse 72, 79108, Fretburg, Germany
vincenzo.carrubba@iaf fraunhofer.de

Abstract — This paper presents the investigation of highly
performing AlGaN/GaN HEMT power tramsistors through
source-pull and load-pull analysis using an active harmonic load-
pull system. The advantages of the GaN technology together with
the right terminatons lead to power transistors with promising
output power and efficiency. When setting properly the first
three output terminations, a drain efficiency as high as §4.3% has
been achieved at I GHz while delivering 4.3 W of output power
for a 1.2 mm device gate width. However, it has been seen that
the achievement and the set of the optimum output terminations
do not lead to the best device performance. When presenting
such three optimum output impedances together with the proper
second harmonic source termination, it has been demonstrated
that higher drain efficiency up to 88% can be obtained delivering
output power as high as 44 W and a power gain of 142 dB.
Indeed the GaN HEMT used in this work has reached record
peak drain efficiency of 90% delivering output power of 3.5 W,

Index Terms— Aluminum gallium nitride, high efficiency,
microwave measurements, power amplifiers, power transistors.

I INTRODUCTION

PO\‘.‘E& AMPLIFIER designs used 1n wireless comnmmication
networks are becoming more and more sophisticated in
order to meet the modern requirements. Among the various
PA ourput specifications. one of the most important parameter
is still the efficiency. High efficiency means low power
consumption and therefore less power dissipated in the
environment. In the last decades various PA high efficiency
classes have been smdied. starting from the more standard
class-AB [1-3] going through the switch modes Class-D and
Class-E [1-7] to the harmonically funed modes Class-F and
Inverse Class-F [1-3. 8-9]. In these cases the high harmonics
can be properly set in order to increase the PA efficiency and
therefore minimize the overall power consumption. However.
in order to reach certain performances at the PA stage. the
device itself and therefore the adopted technology plays a key
role in the overall output performance. This paper will show
an harmonic load/source pull analysis based on the in house
(IAF) highly performed 250 nm AlGaN/GaN power transistors
[10-12] for which verv high drain efficiency is achieved

ISBN 978-3-8007-3383-3

I ALGAN/GAN TECHNOLOGY

The device vsed in this work is a HEMT (High Electron
Mobility  Transistor) power fransistor in  AlGaN/GalN
technology grown on a 3-inch semi-insulating SiC (Silicon
Carbide) substrate [10-12] with the photo shown in Fig. 1.

The epitaxy of the AlGaN/GaN heterostructure 15 carned
out using multi-wafer metal organic chemical vapor deposition
(MOCVD). In particular the frontside processing involves
alloved TU/AINi/Au olmic contacts. implantation isolation
and SIN passivation assisted T-gates processed by using
E-beam lithographyv as well as a source ternunated field plate.
Here the device is fabricated with a gate length of Lg=250 nm
and a gate width of We=1.2 mm (6x200 pm) optimized for
high gain. high power density as well as very high efficiency.

Fiz. 1. Microscope photozraph of the IAF 1.2 mm AlGaM/Gal HEMT power
ransistor.

I LoAD PULL EXPERIMENTAL INVESTIGATION:
Zrro. Zramo. Z13m0

The experimental measurements have been conducted on
the 1.2 mm AlGaN'GalN power device described m Section IT
at 2 GHz of operating fundamental frequency. drain bias
voltage Vpg =30V and gate bias voltage Vgs=Vrg=-22V
(pinch-off). The measurement svstem used for testing the GalN
device and validate the experiment is an active harmonic

© VDE VERLAG GMEH - Berlin - Offenbach, Germany

large-signal characterization of a high power LDMOS amplifier
using a mixed-signal active load pull svstem. The architecture of
the svstem provides the freedom to present unigue and
independent reflection coefficients at multiple different
frequencies. In this case the fundamental frequency, and the 2™
harmonic frequency were chosen, and the reflection coefficients
presented to the output terminal of the transistor were captured
at these two frequencies. A high voltage LDMOS power amplifier
from Freescale Semiconductor was studied and the results will
demonstrate that a distinct improvement in drain efficiency is
realized through careful magnitude and phase selection of the
reflection coefficient at the 2°° harmonic frequency while keeping
the refection coefficient presented at the fundamental frequency
at a constant optimized value.

Index Terms — Loadpull, High Power Measurement,
Harmonic Tuning, power amplifiers.

I INTRODUCTION

Loadpull systems that are used to characterize high-power
transistors for wireless infrastructure applications continue to
be based primarily on mechanical (passive) tuners [1]. This
technique has been adopted as the standard for high power
applications due to its simple nature compared to alternative
approaches and the tuner’s ability fo handle high pulsed peak-
power levels.

While passive funers have many advantages one
disadvantage is the lack of control over refection coefficients
presented by the tuner at uncalibrated frequencies [2]. Passive
tuners are designed to have wery high quality factors which
allow them to present a high refection coefficient to the device
under test. This very desirable trait. however. reduces the
tuning range to a very small frequency bandwidth [2]. Energy
that is generated or reflected by the device under test (DUT) at
the uncalibrated frequencies will be partially absorbed and
partially re-reflected by the tuners in a manner that cannot be
pre-determined. As a result. any changes to the devices
behavior due to this stray energy could potentially lead to
inaccurate device characterization or misunderstanding of
device behavier [2].

Several innovative passive techniques that allow for
calibration and impedance control at mmltiple frequencies
(mostly the harmonic frequencies) have become commercially
available over the past several vears. These systems
accomplish harmonic manipulation by adding additional

through a network of filters i the form of a diplexer or
triplexer [3.4].

In the case of cascaded tuners there are simply additional
tuners (or resonators within the same tuner) that are placed
between the DUT and the fundamental tuner. The cascaded
resonators work in conjunction with each other to provide the
desired refection coefficient magnitude and phase for each
frequency of interest. The benefit of this approach is the
relatively similar set up and operation compared to a standard
passive loadpull configuration. The disadvantages are the
increased insertion loss between the DUT and the fundamental
tuner and poor isolation between the multiple resonators. High
isolation befween resonators within the same funer can be
achieved within very narrow bandwidths.

In the case of the diplexer/triplexer configuration multiple
tuners are given a direct connection to the DUT via filters that
direct the signals to the appropriate tuners based on frequency.
The configuration of this system is relatively complicated and
is limited to the availability of diplexers and triplexers that can
be purchased for the frequency bands of interest. The benefit
is highly isolated confrol of the harmomnic frequencies with
only small insertion losses.

While effective, these approaches require additional
peripheral hardware and characterization time Aufomated
mechanical tuners with high gamma capabilities can also be
expensive to purchase and maintain Active load pull has
become a popular choice for wide band and nmmlfi-harmonic
tuning. Standard system architectures can support multiple
frequency agnostic loops for tuning while stray energy
generated within the system is terminated with the
characteristic impedance of the system. Open loop active load
pull systems are also capable of accommodating relatively
large signal bandwidths due to the impedance being presented
to the device under test being completely synthesized [2].

II. MO{ED-SIGNAL HARMONIC LOADPULL

The lugh data traffic on today’s cellular networks has
created demand for a power amplifier that is both linear and
efficient. LDMOS power amplifiers biased in class AB and
class B offer acceptable theoretical efficiencies along with
distortion products that can be sufficiently corrected using

appropriate impedance matching or digital pre-distortion

Keywords: GaN Power Amplifier, Active Load-pull,
Harmonic tuning

Abstract

This work presents a new measurement technigue, mixed-
signal active harmonic load-pull (MSALP) developed by
Anterverta-mw in partnership with Maury Microwave, that
allows for wide-band ultra-high efficiency amplifiers to be
designed using GaN technology. An overview of the the-
ory behind active load-pull is presented and why load-pull
is important for high-power device characterization. In ad-
dition, an example procedure is presented that outlines a
methodology for amplifier design using this measurement
system. Lastly, measured results of a 10W GaN amplifier
are presented. This work aims to highlight the benefit of us-
ing this sophisticated measurement systems for to optimize
amplifier design for real radar waveforms that in turn will
simplify implementation of space-based radar systems.

1 Introduction

GaN devices are increasingly becoming an enabling tech-
nology for advanced space-based radar systems. The use
of GaN allows for improved system performance due to its
high efficiency and output power. In addition, the adoption
of GaN into commercial applications, such as cell phone
base stations has allowed the technology to mature and im-
prove reliability and device performance.

Such high priority missions as the proposed Earth Radar
Mission’s (ERM) DESDynl (Deformation, Ecosystem
Structure, and Dynamics of Ice) SAR Instrument (DST) uti-
lizing the SweepSAR concept are made feasible by the use
of high power, high efficiency solid state power amplifiers
[1. 2]. Inthe design concepts for this mission, multiple high
power TRM (transmit/receive modules) (= 100 W output
power) that are thermally managed by the surface area of
the TRM acting as the thermal radiator. For typical duty cy-
cles and efficiencies, over 20 W of power must be dissipated
by this surface, requiring extremely large TRM, which are
not suitable for this space borne system.

GaN technology presents two benefits for the proposed
DSI: (1) a potential reduction of thermal stresses due to in-
creased efficiency and (2) ability to operate at higher junc-
tion temperatures. By easing the thermal requirement, the
radiator size may be decreased allowing for a more com-
pact TRM, reducing mission costs. In order to fully op-

timize the high power amplifier design using GaN HEMT
technology, the new characterization technique, active har-
monic load-pull, is being developed to increase efficiencies
and reduce harmonic levels over a wide-band [3]. Though
tuning load and harmonic impedances Class-J current and
voltage waveforms can be engineered that provide optimal
balance between performance, bandwidth, and linear re-
sponse. There is increasingly more literature on the use of
these systems for designing amplifiers for use with modu-
lated telecommunications signals, but to the authors knowl-
edge, no work has been demonstrated this technique for
typical radar signals.

This work will present an overview of a wide-band mixed
signal active harmonic load-pull system (MSALPS) [4] that
is capable of harmonic tuning over a real radar waveform
(such as a chirp) to optimize amplifier performance and
efficiencies to = 70 %. This system was developed by
Anteverta-mw in partnership with Maury Microwave and
a detailed discussion of the load-pull system is presented in
[5]. Section | will provide an overview the theory behind
the MSALPS system and the specific measurement setup
used for amplifier characterization. Section 2 will present a
design overview of an L-band GaN amplifier for use in the
proposed DSI TRM with the measured results of this design
presented in section 3.

2 Mixed-Signal Active Load-pull
Measurement Overview

The basic concept of “load-pull” is to present known
impedances to devices under test (DUT) in order to de-
termine their characteristic response, enabling performance
optimization for non-linear devices. Fig. | shows the signal
flow graph for a non-linear two-port device where a; - rep-
resent the incident waves and by o are the reflected waves.
Sxx* represents the large signal s-parameters of the DUT.
For a small-signal network analyzer, the DUT is insensitive
to load impedance and therefore standard YNA error cor-
rection terms can be used to calibrate to the reference plane
of the device to extract s-parameters. However, for large
signal conditions, load-pull is necessary since the DUT
is no longer linear and therefore linear superposition and
simple two-port network theory is not valid. Impedance
tuners allow a simulated 'y, presented to the device and
enables the measurements of the non-linear large-signal S-
parameters.

Abstract—This work describes the development of a high-power
amplifier for use with a remote sensing SAR system. The am-
plifier is intended to meet the requi ts for the SweepSAR
technique for use in the proposed DESDynl SAR Instrument. In
order to optimize the amplifier design, active load-pull technique
is employed to provide harmonic tuning to provide efficlency
improvements. In addition, some of the techniques to overcome
the challenges of load-pulling high power devices are presented.
The design amplifier was measured to have 49 dBm of output
power with 75% PAE, which Is suitable to meet the proposed
system requirements.
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1. INTRODUCTION

Requirements for next generation SAR remote sensing sys-
tems demand new technology to allow these systems to
be feasible. Increased swath size, high resolution, rapid
global coverage, as well as sub-cm interferometry and po-
larimetry require advanced techniques such as SweepSAR,
which would be employed by the proposed Earth Radar Mis-
sion’s (ERM) DESDynl (Deformation, Ecosystem Structure,
and Dynamics of Ice) SAR Instrument (DSI). SweepSAR
would use multiple transmit/receive (T/R) channels and digi-
tal beamforming to achieving simultaneously high resolution
and large swath [1].

The SweepSAR technique (Fig. 1) would use a large aper-
ture reflector with a linear patch feed array, with each set
of patches fed by a single T/R module. On transmit, all
T/R modules would be used in unison, sub-illuminating
the reflector creating a large swath on the ground. While
on receive, individual beams would be formed by stitching
multiple receivers together using digital beamforming [2].
This technique would produce, for transmit, an electrically
small antenna, illuminating a large area on the ground, while
on receive, smaller beams would be formed, yielding higher
resolution. Due to the large swath, a receiver would have

978-1-4673-1813-6/13/531.00 (£2013 IEEE.

Figure 1. SweepSAR technique highlighting transmit and
receive operation. Beamforming on transmit would produce
a single large beam covering a wide-swath. Digital beam-
forming on receive would allow for multiple high resolution
beams.

valid data across many transmit events, therefore, any trans-
mit event would cause a loss of science data (gaps in the
swath). Therefore, the transmit pulse width should be narrow
as possible, limiting the total amount of power available to
illuminated the ground. However, due to the size of the swath,
the transmit energy would be spread over a large area, which
would demand a longer pulse width and higher peak transmit
power. A longer pulse width is not an option, therefore,
multiple high-power T/R. modules would be required.

Previous generations of high-power amplifiers for use in
remote sensing applications utilized GaAs and Si Bipolar
transistors and are not suitable for large arrays containing
multiple high-power amplifiers. However, Gallium Nitride
(GaN) High Electron mobility transistors (HEMTs) are an
emerging technology that offers high-power density as well
as high efficiency, making them an effective solution for
SweepSAR applications. The high breakdown voltage of
GaN as well as its excellent thermal properties make it a per-
fect candidate for high-power amplifiers [3]. For commercial
aEplicatiDns, GaN has begun to become the technology of
choice for RF transmitters in a variety of market segments.
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U.S. Patent No. 8,456,175 B2

Several international patents also available
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oceo MT1000/MT2000 Hardware O

Five Frequency Range are available:  Five options of Active Tuning loops are available:

* 0.001 -2 GHz (50W CW, 500W Pulsed) ** 2 loops s(f0 source/load pull)

“* 0.03-2GHz (50 CW, 500W Pulsed) “* 3 loops (f0, 2fo source/load pull)

 0.3-6GHz (100W CW, 1000W Pulsed) “* 4 loops (f0, 2f0 and 3f0 source/load pull with 4 of 6 possible combinations)
“ 0.2-18GHz (100W CW, 1000W Pulsed) “* 5loops (f0, 2f0 and 3f0 source/load pull with 5 of 6 possible combinations)
* 0.7-40GHz (20W CW, 200W Pulsed) “* 6 loops (f0, 2f0 and 3f0 source/load pull)

Three Modulation Bandwidth options are currently available (MT2000 only):

“* 100 MHz
s* 200 MHz
“* 500 MHz
s* 2019 -1 GHz

Note: MT1000 series doesn’t support two tones and modulated measurements
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MT1000/2000 take you beyond the VNA!
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® O Frormoreinfo. Pls. visit:
https://www.maurymw.com/MW RF/Mixed Signal Active Load Pull System.php

@ Maury Microwave




